Genomic DNA is replicated by two DNA polymerase molecules, one of which works in close association with the helicase to copy the leading-strand template in a continuous manner while the second copies the already unwound lagging-strand template in a discontinuous manner through the synthesis of Okazaki fragments 1, 2 . Considering that the lagging-strand polymerase has to recycle after the completion of every Okazaki fragment through the slow steps of primer synthesis and hand-off to the polymerase [3] [4] [5] , it is not understood how the two strands are synthesized with the same net rate [6] [7] [8] [9] . Here we show, using the T7 replication proteins 10, 11 , that RNA primers are made 'on the fly' during ongoing DNA synthesis and that the leading-strand T7 replisome does not pause during primer synthesis, contrary to previous reports 12, 13 . Instead, the leading-strand polymerase remains limited by the speed of the helicase 14 ; it therefore synthesizes DNA more slowly than the lagging-strand polymerase. We show that the primase-helicase T7 gp4 maintains contact with the priming sequence during ongoing DNA synthesis; the nascent lagging-strand template therefore organizes into a priming loop that keeps the primer in physical proximity to the replication complex. Our findings provide three synergistic mechanisms of coordination: first, primers are made concomitantly with DNA synthesis; second, the priming loop ensures efficient primer use and hand-off to the polymerase; and third, the lagging-strand polymerase copies DNA faster, which allows it to keep up with leading-strand DNA synthesis overall.
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To investigate the functional cooperativity between the enzymatic activities of the T7 replication complex, we measured the kinetics of DNA unwinding, DNA synthesis and primer synthesis on synthetic replication-fork substrates with and without the T7 priming sequence (39-CTGGG-59; Supplementary Table 1) . Efficient synthesis of RNA primers from dimer to pentamer by T7 replisome (T7 gp4 and T7 DNA polymerase) was observed on the priming fork ( Fig. 1a and Supplementary Fig. 1 ) with a half-life of about 0.5 s and a yield of more than 60% (Fig. 1a, right) . T7 gp4 alone also makes RNA primers on this priming fork, but roughly tenfold more slowly ( Supplementary Fig. 1 ), which is consistent with polymerase assistance of the helicase rate 14 . An average 46% yield of primer synthesis with forks of different lengths and sequences (Supplementary Table 2) indicates that T7 replisome lays down primers on newly unwound lagging-strand template with a high efficiency. In addition, the newly made primers are elongated through lagging-strand DNA synthesis ( Supplementary Fig. 1 ).
All-or-none DNA strand separation assays 15, 16 under primer synthesis conditions show that T7 replisome unwinds the priming fork and the control fork (without the priming sequence) with similar rate constants at all dTTP concentrations ( Supplementary Fig. 2 ). Singlemolecule fluorescence resonance energy transfer (FRET) unwinding assays 17 show an increase in fluorescence intensity of Cy3 (donor, green) and a decrease in Cy5 (acceptor, red) fluorescence intensity as a result of DNA unwinding and synthesis (Fig. 1b) , and the priming and control forks show a similar FRET decrease time (Dt) of 0.4 6 0.027 and 0.37 6 0.022 s, respectively. By comparing the histograms of FRET values visited during the unwinding reactions between the T7 replisome reaction and the roughly threefold slower reaction by T7 gp4 alone ( Supplementary Fig. 3 ), we further confirmed that the T7 replisome does not pause during primer synthesis ( Supplementary Fig. 6 ). If the T7 replisome paused for several seconds every time a primer is made 12 , our single-molecule analysis would have detected the pausing events.
To investigate whether DNA synthesis was occurring concomitantly with primer synthesis, the kinetics of strand-displacement DNA synthesis was measured on the priming and control forks under the same reaction conditions as in Fig. 1a . In the high-resolution sequencing gels used to analyse the DNA synthesis kinetics, any pausing of the T7 replisome activity as a result of primer synthesis would be detected as an accumulation of specific DNA products in the priming-fork reactions, but not in the control. However, no unusual accumulation of intermediate DNA products as a result of replisome pausing was observed with the priming-fork template in comparison with the control (Fig. 1c) . Consistent with this result, the average DNA elongation rates on priming (126 6 9 nucleotides s 21 ) and control (113 6 8 nucleotides s 21 ) forks were similar (Fig. 1c) . No pausing was detected on longer forks ( Supplementary Figs 1 and 8 ) or on forks with different GC contents or at different dNTP concentrations (Supplementary Table 3 ). Finally, coupled leading-strand and lagging-strand DNA synthesis measured by the rolling-circle assay with T7 gp2.5 showed no effect of lagging-strand synthesis on the rate of leading-strand synthesis ( Supplementary Fig. 9 ). Similar observations have been made with the T4 replication proteins 18 , although a recent study of Escherichia coli replication yielded a different result 19 . Overall, our results indicate that DNA synthesis continues uninterrupted while RNA primers are laid down, and the leading-strand polymerase does not slow as a function of primase activity or as a result of any of the steps during lagging-strand polymerase recycling.
Because DNA synthesis continues uninterrupted while primers are being synthesized, our results predict that the nascent lagging-strand template should loop out between the covalently linked helicase and primase domains of T7 gp4 ( Fig. 2A ) 20 . The formation of such a priming loop during DNA synthesis was probed with single-molecule FRET experiments: Cy3 and Cy5 fluorophores were introduced 40 base pairs (bp) apart on the lagging-strand template of the surfaceattached DNA fork (Fig. 2B) . Before the unwinding of DNA, no FRET was observed because of the long (40-bp) distance between the fluorophores (Fig. 2B, C, a) . As T7 replisome unwinds the double-stranded DNA (dsDNA), the donor Cy3 shows an increase in intensity (green trace in Fig. 2C , top panel) due to a change in environment from protein-induced fluorescence enhancement 21 and DNA strand separation 22 ( Fig. 2B, b) . Continued DNA unwinding brings the priming sequence and the donor nearby close to the primase domain, where they are held in place. The replisome continues unwinding the DNA while the primase domain is engaged with the priming sequence; therefore, at some point in time, the acceptor comes close to the donor (Fig. 2B , c) and this was detected as an increase in FRET (Fig. 2C , c, top and middle panels), providing evidence for the formation of a priming loop. In all, 40 molecules out of about 75 with a fluorescently active donor and acceptor showed formation of a priming loop. With continued unwinding, the priming loop grows in size and the donor and acceptor move apart (Fig. 2B, d ), which was detected as a decrease in FRET (Fig. 2C, d , top and middle panels). Finally, the total fluorescence signal disappears on completion of the reaction and the release of the fluorescently labelled DNA strand from the surface.
The control fork showed an increase in donor intensity (green) (Fig. 2C , bottom panel) but no increase in acceptor intensity or FRET (more than 200 molecules were analysed). The donor intensity time (Fig. 2D , bottom panel)-the time between the jump in donor intensity and the total signal disappearance-was the same for priming and control DNAs, indicating that both DNAs are unwound at the same rate. The average time for FRET increase (Fig. 2D , top panel) with the priming fork was threefold longer for the experiments with T7 gp4 only ( Supplementary Fig. 11 ) compared with T7 replisome, indicating the assistance of the polymerase in the reactions 14 . To test whether compaction of unwound single-stranded DNA (ssDNA) might give rise to high FRET values 23 , we measured FRET between Cy3 and Cy5 separated by 40 nucleotides of ssDNA and found the average FRET value to be 0.2, much lower than those obtained during priming-loop formation ( Supplementary Fig. 12 ). Overall, these results show, first, that the primase remains engaged with the priming sequence while DNA continues to be synthesized, and second, that the nascent lagging strand forms a priming loop.
Making primers ahead of time during ongoing DNA synthesis minimizes the delay due to primer synthesis, and keeping the RNA primers in physical proximity to the replicating complex provides a mechanism for efficient use of the priming sequence and hand-off to the polymerase. Nevertheless, lagging-strand polymerase dissociation, primer hand-off and initiation of a new Okazaki fragment synthesis event take time that could delay the synthesis of the lagging strand. Because the leading-strand replisome does not slow or pause during primer synthesis, the question remains as to how the laggingstrand polymerase keeps up with the leading-strand polymerase after many Okazaki fragment synthesis events. We therefore tested an alternative model, proposed more than 20 years ago 24 , that the leading-strand polymerase simply moves with a slower overall rate than the lagging-strand polymerase.
The transient-state kinetic assays allow us to measure the DNA synthesis rates very precisely. To measure the rate of DNA synthesis as catalysed by the lagging-strand polymerase, we used a primertemplate DNA substrate coated with T7 gp2.5 that mimics the already unwound lagging-strand template. To measure the rate of leadingstrand synthesis by the T7 replisome, we used a fork substrate that contained the same template sequence in the dsDNA. T7 DNA polymerase copied the gp2.5-coated ssDNA template 30% faster (188 6 10 nucleotides s
21
) than the T7 replisome did (132 6 10 nucleotides s 21 ) (Fig. 3) . A faster rate of DNA synthesis by T7 DNA polymerase than that of the replisome was observed with E. coli single-strand binding protein-coated template (158 6 10 nucleotides s notion that the DNA synthesis rate is limited by the speed of the helicase 14 . From multiple experiments we estimate that T7 DNA polymerase alone copies the ssDNA template on average 38% faster than the T7 replisome does (Supplementary Table 3 ). From the 30% difference in rates, we calculate that the leading-strand polymerase will take on average 6-7 s longer than the lagging-strand polymerase to copy 3,000 bp of DNA, the average length of an Okazaki fragment. Unless physical coupling slows its rate, the lagging-strand polymerase will reach the end of the previously made Okazaki fragment with 6-7 s to spare to pick up a new primer and initiate another round of Okazaki fragment synthesis.
Our not observing replisome pausing is in contrast with previous reports 12, 13 suggesting that T7 replisome pauses during primer synthesis. DNA synthesis in those studies was measured indirectly by following the overall shortening of DNA as dsDNA was converted to coiled ssDNA. In the presence of ATP plus CTP, intervals of 5-6 s were observed with no change in DNA length, which was attributed to replisome stopping. We propose that these pauses are caused not by replisome stopping but by the conversion of ssDNA back to dsDNA as a result of uncoupled lagging-strand synthesis. Although reactions were washed, contaminating polymerase catalysing uncoupled DNA synthesis including those tethered by means of T7 gp4 (ref. 25) could not be ruled out. Under conditions in which excess polymerase was present, both transient loops and pauses were observed 12 . The possibility could not be ruled out that the pausing and looping pattern was caused by separate Okazaki fragment synthesis events. Those that were coupled showed loop release, and those that were uncoupled showed the pausing behaviour.
On the basis of our studies, we propose that T7 replisome does not pause during primer synthesis or any of the steps of lagging-strand synthesis. Instead, the following synergistic mechanisms exist to coordinate strand synthesis. First, primers are made ahead of time during ongoing DNA synthesis; hence, primer synthesis itself does not delay lagging-strand synthesis. Second, the primer is kept in physical proximity to the replication complex by means of a priming loop that ensures efficient primer use and hand-off to the laggingstrand polymerase (Fig. 4) . Third, the lagging-strand polymerase copies the ssDNA template at a faster rate 24 , providing extra time for the recycling steps. In addition to moving faster, multiple laggingstrand polymerases could work at the same time to complete laggingstrand synthesis in a shorter time 26 . Under certain conditions, the lagging-strand polymerase may jump to a new primer before completion of the Okazaki fragment, thereby leaving gaps that can be filled in later 27 . Because the basic mechanism of dsDNA replication is conserved from phage to humans 1,2 , the mechanisms revealed from studies of the T7 replication proteins are broadly applicable to the more complex replication complexes of bacteria and eukaryotes.
METHODS SUMMARY
Ensemble kinetic assays. T7 gp4 (ref. 28 ) and T7 DNA polymerase 29 (T7 gp5/ E. coli thioredoxin) were preassembled on the DNA with dTTP and EDTA in replication buffer (50 mM Tris-HCl, pH 7.6, 40 mM NaCl, 10% glycerol) and the reactions were initiated with the addition of MgCl 2 and the rest of the dNTPs, with or without ATP, CTP, and dT 90 (90-nucleotide poly(dT) added to trap free and dissociated proteins). The kinetics of primer synthesis and DNA synthesis was measured with a rapid quenched-flow instrument (KinTek Corp.) and products were resolved on 24% or 25% polyacrylamide/urea sequencing gel. DNA synthesis kinetics were fitted to the polymerization model (Supplementary Information). Single-molecule FRET assays. Single-molecule FRET experiments to measure unwinding and priming-loop formation were performed on a wide-field totalinternal-reflection fluorescence microscope with 30 ms time resolution and imaged by means of a charge-coupled-device camera (iXon DV 887-BI; Andor Technology) 30 . The Cy3 and Cy5 fluorophores were internally labelled on the dT through a C 6 amino linker. Gel-based DNA synthesis reactions were performed to confirm that the fluorophores on the DNA did not affect DNA synthesis (Supplementary Fig. 7 ). The priming-loop substrates were prepared by ligating donor and acceptor labelled DNAs (Supplementary Information). FRET was calculated as the ratio of the acceptor intensity and the total (acceptor plus donor) intensity after correcting for cross-talk between the donor and acceptor channels and subtracting the background. For Figs 1b and 2 , the initiation of FRET change and its saturation were scored by visual inspection of the donor and acceptor intensities and the time difference between the two points was designated as Dt. The calculated FRET efficiency from this method was demonstrated to be robust ( Supplementary Fig. 5 ). The time for photobleaching of the fluorophores was at least tenfold longer than the unwinding time, and no unwindinglike signal was observed without the addition of Mg 21 .
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Proteins and DNA. T7 gp4A9 and gp5 (exo-) proteins were purified as described previously 28, 29 . Table 1) were purchased from Integrated DNA Technology or Sigma-Aldrich, and purified by PAGE before use. Substrates for the stopped-flow and gel-based DNA-unwinding assays had an amino linker at the 59 end of their bottom strands, which was labelled with 5-(and-6)-carboxyfluorescein succinimidyl ester, using the procedure from Molecular Probes with carbonate buffer. Proteins were preassembled on the DNA before the start of the reaction: T7 gp4 was added to the fork substrate with dTTP and EDTA in the replication buffer and incubated on ice for 30 min. For assembling T7 replisome, T7 DNA polymerase (T7 gp5 and E. coli thioredoxin (1:5) mixed for 5 min at 22 uC in replication buffer containing freshly made 5 mM dithiothreitol (DTT) 29 ) was added to T7 gp4 and the DNA mixture and incubated at room temperature (23 6 1 uC) for a further 30 min. RNA primer synthesis assay. The protein-DNA complex was loaded in one syringe of the rapid quenched-flow instrument. The second syringe contained MgCl 2 , ATP, CTP mixed with a trace amount of [a-
32 P]CTP, dATP, dCTP, dGTP, and dT 90 trap in replication buffer (50 mM Tris-HCl, pH 7.6, 40 mM NaCl, 10% glycerol). The reaction was initiated by mixing equal volumes of the two solutions at 18 uC and quenched after various time intervals with 300 mM EDTA. Primers generated in the reaction were resolved on 25% polyacrylamide/3 M urea sequencing gel with 1.5 3 TBE buffer, running the gel only three-quarters of the sequencing gel length. The gel was imaged on a Typhoon Phosphorimager, and the products were analysed with ImageQuant 5.0 software. The yield of RNA primer synthesis was determined from the radiolabelled CTP incorporation in the dimer to pentamer RNA, taking into account the number of C bases in the primers. DNA synthesis kinetics. T7 replisome-fork DNA or T7 DNA polymeraseprimer/template DNA complex was loaded in one syringe of the quenched-flow instrument. The second syringe contained dATP, dCTP and dGTP, with or without NTPs (ATP and CTP), MgCl 2 and trap (where applicable; see Supplementary Table 3 ) in replication buffer. Reactions were initiated by rapidly mixing equal volumes of the two solutions, and quenched after various intervals with 300 mM EDTA. The quenched solution was loaded on 22% or 24% polyacrylamide/7 M urea sequencing gel with 1.5 3 TBE buffer. The gel was imaged with a Phosphorimager, and each DNA band was quantified with ImageQuant software. The time courses of the individual DNA product formations and decays were fitted to the polymerization model with gfit (http://gfit.sourceforge. net) to obtain the individual nucleotide addition rate constants from which the average DNA primer elongation rate was calculated. Single-molecule FRET experiments and data analysis. Biotin was attached at the 59 end of the DNA strand during DNA synthesis. Cy3 N-hydroxysuccinimido (NHS) ester and Cy5 NHS ester (GE Healthcare) were internally labelled to the dT of single-stranded DNA strands by means of a C 6 amino linker (modified by Integrated DNA Technologies, Inc.). A quartz microscope slide (Finkenbeiner) and coverslip were coated with polyethylene glycol (m-PEG-5000; Laysan Bio Inc.) 17, 30 and biotinylated PEG (biotin-PEG-5000; Laysan Bio Inc.). Measurements were performed in a flow chamber that was assembled as follows. After the assembly of the coverslip and quartz slide 30 , a syringe was attached to an outlet hole on the quartz slide through tubing. All the solution exchanges were performed by putting the solutions (0.1 ml) in a pipette tip and affixing it in the inlet hole, followed by pulling the syringe. The solutions were added in the following order. Neutravidin (0.2 mg ml 21 ; Pierce) was applied to the surface and washed away with T50 buffer (10 mM Tris-HCl, pH 8, 50 mM NaCl). Biotinylated DNA (about 50-100 pM) in T50 buffer was added and washed away with imaging buffer (10 mM Tris-HCl, pH 8, 50 mM NaCl, 0.1 mg ml 21 glucose oxidase, 0.02 mg ml 21 catalase, 0.8% dextrose, plus Trolox) 31 . For replisome measurements, T7 gp4 (50 nM hexamer) and T7 DNA polymerase (gp5/thioredoxin) (50 nM) were loaded on the DNA with 2 mM dTTP, 5 mM DTT and 5 mM EDTA in imaging buffer, and incubated for 10 min. After a few seconds of imaging, unwinding and polymerase synthesis were initiated by the addition of the rest of the dNTPs (1 mM each), 1 mM ATP, 1 mM CTP, 5 mM DTT and 4 mM free Mg 21 in imaging buffer. All measurements were made at room temperature.
FRET values were calculated as the ratio between the acceptor intensity and the total (acceptor plus donor) intensity after correcting for cross-talk between the donor and acceptor channels and subtracting the background. For the unwinding experiment shown in Fig. 1b , the initiation of FRET decrease and its saturation were scored by visual inspection of the donor and acceptor intensities and the calculated FRET efficiency, and the time difference between the two points was designated the Dt value of each reaction. Once we had identifed a sustained FRET decrease below 0.5, the first time point at which FRET value dropped below the average FRET value before unwinding began, typically about 0.8, was designated the initiation point. Similarly, once we had identified a saturation in FRET decrease, the first time point at which FRET reached the average FRET value in the saturation plateau was designated the saturation point. We demonstrate that the error in determining the initial time point of FRET decrease by this method is negligible ( Supplementary Fig. 5 ). The FRET increase time in the priming-loop experiment was plotted as the cumulative fraction against time to indicate the fraction of molecules that had completed the FRET increase up to a given time point. The donor intensity time was the time between the initial donor signal increase and the final disappearance of fluorescence signal, also determined by visual inspection. The donor intensity time was also plotted in the format cumulative fraction versus time. All data were analysed with scripts written in MATLAB and plotted in Origin. 
